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The Balloon-borne Experiment with a Superconducting Spectrometer (BESS) is conﬁgured with a solenoidal superconducting magnet
and a suite of precision particle detectors, including time-of-ﬂight hodoscopes based on plastic scintillators, a silica-aerogel Cherenkov
detector, and a high resolution tracking system with a central jet-type drift chamber. The charges of incident particles are determined
from energy losses in the scintillators. Their magnetic rigidities (momentum/charge) are measured by reconstructing each particle
trajectory in the magnetic ﬁeld, and their velocities are obtained by using the time-of-ﬂight system. Together, these measurements can
accurately identify helium isotopes among the incoming cosmic-ray helium nuclei up to energies in the GeV per nucleon region. The
BESS-Polar I instrument ﬂew for 8.5 days over Antarctica from December 13th to December 21st, 2004. Its long-duration ﬂight and
large geometric acceptance allow the time variations of isotopic ﬂuxes to be studied for the ﬁrst time. The time variations of helium
isotope ﬂuxes are presented here for rigidities from 1.2 to 2.5 GV and results are compared to previously reported proton data and
neutron monitor data.
Published by Elsevier Ltd. on behalf of COSPAR.
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The central goals of the BESS program are to precisely
measure low energy cosmic-ray antiprotons (Abe et al.,
2012) and to search for antihelium in the cosmic rays
(Abe et al., 2012). In addition, the BESS instruments allow0273-1177/$36.00 Published by Elsevier Ltd. on behalf of COSPAR.
http://dx.doi.org/10.1016/j.asr.2013.09.028
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E-mail address: picot@umd.edu (N. Picot-Cle´mente).ﬂuxes of hydrogen and helium isotopes to be determined
(Wang et al., 2002). The measurements of the ﬂuxes of anti-
protons and normal nuclei give complementary informa-
tion on solar modulation and provide information on
cosmic-ray origins and propagation in interstellar space.
BESS (Yamamoto et al., 2013) is a Japanese–US pro-
gram that has carried out 11 successful balloon ﬂights, 9
of which took place in northern Canada from 1993 to
2002. To take advantage of low geomagnetic cutoﬀ and
Fig. 1. Cross-sectional view of the BESS-Polar I spectrometer.
Fig. 2. The dE=dx in the upper ToF counter versus the measured rigidity
for the whole BESS-Polar I ﬂight data set. The long-dashed line represents
the cut selection used to separate Z = 1 (below) and Z = 2 (above) events
with the upper ToF. The dotted line corresponds to the maximum dE=dx
allowed for Z = 2 events.
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I and BESS-Polar II instruments were developed for Ant-
arctic long-duration balloon ﬂights and were ﬂown for
8.5 days in December 2004 and 24.5 days in December
2007/January 2008 respectively.
These long-duration ﬂights over Antarctica allow stud-
ies of cosmic-ray ﬂux time variations on time scales of a
few hours, and a preliminary work on proton transient
variations was reported in Thakur et al. (2011). With the
BESS-Polar I instrument, time variations of 3He and 4HeFig. 3. Mass distributions of 3He (left) and 4He (right) events for a rigidity
range from  1:2 to  2:5 GV for the whole ﬂight data set.ﬂuxes could be measured for the ﬁrst time. They are pre-
sented in this paper from the full ﬂight period of December
13th to December 21st 2004.
After presenting the instrument in Section 2, the analysis
to separate isotopic elements is described in Section 3, and
the time variations of helium isotope ﬂuxes are discussed in
Sections 4 and 5.2. The BESS-Polar I instrument
The BESS-Polar I detectors and the solenoidal magnet
were concentrically arranged. From the top to the bottom
of the instrument, a downward-going particle passes
through an “upper” plastic scintillator hodoscope, a sole-
noidal superconducting magnet producing a uniform mag-
netic ﬁeld of 0.8 T, two layers of inner drift chambers, a
central jet-type drift chamber, a “middle” plastic scintilla-
tor hodoscope, an aerogel Cherenkov counter, and another
“lower” plastic scintillator hodoscope. A cross-sectional
view of the BESS-Polar I spectrometer is shown in Fig. 1.
More detailed information can be found in Abe et al.
(2008).
The diﬀerence in the measured times when a particle
passes the top and bottom (or top and middle) layers of
time-of-ﬂight hodoscopes (ToF) gives the velocity of the
particle. A time resolution of about 120 ps is achieved for
singly-charged particles, yielding a resolution of about
3% in the velocity b.
From the ionization energy losses dE=dx in the ToF scin-
tillators, the charge Z of the particle is determined from:
dE
dx
¼ Z
b
 2
f ðbÞ: ð1Þ
Using hits in the ToFs and in the tracker, the gyroradius
q of the incoming particle in the magnetic ﬁeld B is mea-
sured by reconstructing its trajectory. The particle rigidity
R is then obtained from the relation:
R ¼ Bq ð2Þ
The mass M of the crossing particle is then determined
by:
M ¼ ZR
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1=b2  1
q
: ð3Þ
The particle rigidity is measured inside the magnetic
spectrometer. The corresponding kinetic energy per
nucleon Ek is:
Ek ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðR=AÞ2Z2 þM2p
q
Mp; ð4Þ
where Mp is the proton mass and A the mass number of the
particle. Its kinetic energy and rigidity at top of instrument
are determined by correcting the measured energy for
losses in the diﬀerent layers in the upper part of the instru-
ment. Based on Monte Carlo simulations (see Section 3),
we estimate the rigidity resolution to be better than 1% be-
low 5 GV for both 3He and 4He.
Fig. 4. From top to bottom are shown the ﬂux time variations normalized by the mean ﬂux values over the whole 13–21 December 2004 data taking
period for 3He and 4He in the rigidity range from  1:2 to  2:5 GV with BESS-Polar I using a binning of time of 14.4 h. The normalized proton ﬂux in the
rigidity range from  1:5 to  2:1 GV taken from Thakur et al. (2011) is also plotted, with a time resolution of 4 h. The last plot shows the normalized
counts per hour of the South Pole Neutron Monitor data (Bartol NM, 2004) averaged every 12 h, sensitive to changes in cosmic-ray spectrum >5 GV.
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For the present study, helium isotopes crossing the
BESS-Polar I spectrometer were simulated using the
GEANT3 Monte Carlo code (Application Software
Group, 1993). 800 million downward-going 3He and 4He
particles were simulated incident isotropically on a semi-
sphere above the instrument. Particles were selected from
a ﬂat energy spectrum (dN=dE proportional to E1 on a
logarithmic scale) from 0.001 to 25 GeV. The GEANT3
simulations, which include a full set of hadronic interac-
tions, are used primarily to determine the geometric accep-
tance of the detector and its detection eﬃciency, after
rejecting events that interacted in the detector.
Due to a high failure rate when exposed simultaneously
to low pressure and low temperature, only 60% of BESS-
Polar I ToF photomultipliers were operational during the
ﬂight. The analysis to separate isotopes requires precise
measurements of velocity and charge. To achieve the best
performance, only ToF scintillator paddles that had both
photomultipliers working were used in the analysis. This
led to a geometric acceptance of 0.05 m2 sr at a rigidity
of 2 GV.As discussed above, the charge of the crossing particle
can be determined from measurements of dE=dx in the
ToFs. To separate Z = 1 and Z = 2 events to identify
hydrogen and helium, band cuts in dE=dx vs. rigidity are
used with data from both the upper and lower ToFs. To
illustrate these cuts, Fig. 2 shows the selection cut applied
to the dE=dx vs. rigidity measured with ﬂight data from
the upper ToF. The distributions of 1H, 2H, 3He and 4He
can be distinguished at low rigidities in this plot.
Many contaminating events are present in the data sam-
ple, and selection criteria are deﬁned to remove these
events. They are divided into two categories:
 The “single track” cuts remove particles interacting
hadronically inside or above the detector. dE=dx band
cuts are among these selection criteria, and ensure that
only Z= 1 or Z= 2 events are used in subsequent
analysis. We require there to be only one hit each in
the upper and lower ToFs, and only one reconstructed
track. In addition to these selection cuts, it is required
that the track pass through the center of the jet cham-
ber to remove eﬀects from the detector sides, and that
the measured velocity is less than the speed of light to
Fig. 5. Hourly ACE data (ACE, 2004) are presented in ﬁgure from 11 to 22 December. From top to bottom are shown the SEP ﬂux (ion ﬂux with energies
from 0.066 to 0.114 MeV), the IMF magnitude, the IMF component in the z direction, the proton temperature, the solar wind speed (proton speed) and
the plasma density (proton density).
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selection eﬃciency is estimated with Monte Carlo sim-
ulations to be about 60%.
 The “quality” cuts remove particles for which
tracks are poorly reconstructed because of noise
or detector limitations. To improve the quality of
the data set, a minimum of 3 inner drift chamber
pads and a maximum of 100 hits in the jet chamber
are required. To get better measurements, only
events with good ﬁtting parameters v2 in both Z–
Y and r–/ planes, and for which the measured
rigidity has a good estimated error, are kept. Other
criteria include consistency cuts that require a good
match between the reconstructed track and hits in
the tracking detectors and ToF paddles. Quality
cuts give a selection eﬃciency of about 45%.
After reﬁning the ﬂight data with the single-track and
quality selection cuts, we determine particle masses from
the measurements of rigidity, velocity and charge, asexplained in Section 2. In order to separate 3He and 4He,
mass distributions are ﬁtted by double Gaussian distribu-
tions. The numbers of remaining helium isotope events
are then obtained from the integrals of the ﬁtted Gaussian
distributions. Fig. 3 shows the mass distributions of 3He
and 4He events in the rigidity range from  1:2 to
 2:5 GV for the whole ﬂight data set. 1.2 GV corresponds
to the minimum rigidity needed for 4He particles to cross
both the atmosphere and the BESS-Polar I detector.
4. Results
Data collected by BESS-Polar I over the 8.5-day period
provide, for the ﬁrst time, the possibility to measure ﬂux
time variations of light cosmic-ray isotopes at Earth. In this
study, we calculate average ﬂuxes for every 14.4 h of data,
chosen to provide suﬃcient statistical precision to show the
time-dependent variations in the measured helium isotope
ﬂuxes. The resulting statistical uncertainties are about
2.5% for 3He and 1.5% for 4He. The calculation takes into
1430 K. Abe et al. / Advances in Space Research 53 (2014) 1426–1431account the time dependence of the instrument response,
which is corrected by considering variations of eﬃciencies
with time. The average atmospheric overburden of
4.3 g cm2 during the ﬂight is used to correct for particle
energy losses in the atmosphere. Short-term variations in
the atmospheric overburden during the ﬂight, from 3.8 to
5.3 g cm2, are not taken into account in this analysis.
Their impacts on the measured isotope ﬂuxes are neglige-
able compared to statistical uncertainties.
In Fig. 4 we show the normalized ﬂux as a function of
time for 3He and 4He during the BESS-Polar I ﬂight using
the mean time of each bin. The rigidity range from 1.2 to
2.5 GV and data from 13 to 21 December 2004 were used.
Distributions were normalized for every time bin for each
isotope by dividing the average ﬂux in that bin by the mean
ﬂux over the whole data taking period. For comparison,
the previously reported transient variations of proton
ﬂuxes for rigidities from 1.5 to 2.1 GV (Thakur et al.,
2011) are displayed with a time resolution of 4 h and aver-
age statistical errors lower than 0:3%. South Pole Neutron
Monitor data (Bartol NM, 2004) are also shown using the
normalized counts per hour averaged every 12 h. The neu-
tron monitor performs an integral spectral measurement of
cosmic rays and is sensitive to changes in spectrum >5 GV.
The time variations of helium isotope ﬂuxes and previ-
ously reported proton transient variations, exhibit the same
general behavior with a ﬂux increase of about 10% from 13
to 17 December, followed by a quasi-stable period from 18
to 21 December. A similar tendency is observed in neutron
monitor data, which shows a ﬂux increase of about 3%, fol-
lowed by a more stable period.
5. Discussion and conclusion
Fig. 4 shows that ﬂuxes of cosmic-ray 3He, 4He and
protons, studied in similar rigidity ranges, varied similarly
during the data taking period. The same physical processes
must have caused the features observed in these time vari-
ations, and are most likely related to the changes in solar
activity that occurred during the ﬂight.
Sudden ﬂux increases of about 10% are observed for
cosmic-ray helium isotopes and for protons from 13 to
17 December, whereas neutron monitor data exhibit an
increase of only about 3%. Fluxes are shown for rigidities
from 1.2 and 1.5 GV respectively for helium isotopes and
protons, and eﬀectively for cosmic rays above 5 GV from
the South Pole Neutron Monitor. The diﬀerences in the rel-
ative increases in ﬂux for diﬀerent species and rigidity
ranges are consistent with changes of solar activity that
should aﬀect low-rigidity particles more strongly.
Some interpretations can be proposed to explain the
features observed in the ﬂux time variations, as suggested
in Thakur et al. (2011). The increase observed in the cos-
mic-ray ﬂuxes between 13 to 17 December is most likely
a recovery period after a Forbush decrease that would have
occurred around 12 December. Forbush decreases are
rapid decreases in the Galactic cosmic-ray intensity atEarth followed by a gradual recovery period (Forbush,
1937; Lockwood, 1971). They are typically caused by tran-
sient solar activity such as a solar ﬂare or coronal mass
ejection. Around 12 December, ACE data (ACE, 2004),
presented Fig. 5, show a ﬂux increase of solar energetic
particles (SEPs) matching the ﬂux decrease observed in
neutron monitor data. Such an event contains much lower
energy particles than BESS-Polar I is designed to measure
(Reames, 2004), however it has been observed that SEPs
associated with a magnetic cloud (Burlaga, 1995) or corro-
tating interaction region (CIR) (Richardson, 2004) can
cause transient variations in the Galactic cosmic rays. In
Fig. 5, ACE data reveal a possible magnetic cloud around
12–13 December, characterized by a strength enhancement
of the interplanetary magnetic ﬁeld (IMF) with respect to
its ambient value, by a large rotation of the IMF vector
and by a proton temperature lower than average. In addi-
tion, the increase of solar wind speed and proton tempera-
ture around 12 December, along with a sharp decrease in
plasma density around 13 December indicates the presence
of a CIR. The possible magnetic cloud, CIR or the combi-
nation of both phenomena could have produced the small
Forbush decrease between 12 to 13 December, which was
followed by a ﬂux recovery period from 13 to 17 December,
observed with BESS-Polar I.
After 17 December, there was a stabilization of the
plasma density leading to a quieter geomagnetic activity
period, and making the observation of diurnal variations
easier (c.f. Fig. 4 with proton and neutron monitor data)
likely due to the motion of Earth through the isotropic
Galactic cosmic rays (Compton and Getting, 1935).
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